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Abstract 
Actophorin from Acanthamoeba castellanii severs actin filaments and sequesters actin monomers. Here we report that actophorin binds ADP-bound 
monomers with higher aflinity than ATP-bound monomers. Actophorin is therefore much less efficient at severing actin 6lament.s in the presence 
of ADP compared to ATP, particularly taking account of the higher critical concentration i  ADP. Monomer binding is also reduced in the presence 
of 25 mM inorganic phosphate (which is assumed to form ADP-Pi-a&r). These findings are discussed in the light of observations on the nucleotide 
specilicity of other monomer binding proteins and related to the role of actin in lamellar protrusion and cell locomotion. 
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1. Introduction 
Microfilaments, in conjunction with other cytoskeletal 
proteins are responsible for maintaining the structural 
integrity of eukaryotic cells. Muscle contraction, cell lo- 
comotion, cytokinesis, phagocytosis and other motile 
processes utilize F-actin in conjunction with a wide vari- 
ety of actin binding proteins. Although skeletal muscle 
contraction requires the presence of stable thick and thin 
filaments for force generation, most act&based motility 
involves active turnover of filaments. Thus micro& 
aments undergo cycles of polymerization and depolym- 
erization in locomoting cells: to understand motility we 
need to elucidate the mechanisms controlling the dy- 
namic behaviour of actin. Among the classes of proteins 
involved are monomer binding proteins, which sequester 
much of the G-actin in cells and thereby regulate the 
extent of polymerization. Three main types have been 
identified, the profhins, thymosins and the actin depoy- 
merising factors (ADF group) to which actophorin be- 
longs. Actophorin was originally identified by Cooper et 
al. [l], and further characterized by Maciver et al. [2]. In 
addition to sequestering actin monomers, it severs lila- 
ments in a calcium-insensitive manner, but unlike the 
gelsolin family (reviewed in [3]), it does not cap the 
barbed ends of severed filaments. 
Proteins with properties similar to actophorin include 
vertebrate ADF [4], which is identical to destrin [5], orig- 
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inally described by Nishida et al. [6], cofilin, which is 
related to ADF [7], depactin from echinoderms [8], and 
yeast cotilin [9]. The available sequence data reveal 
broad homologies, but surprisingly the most variant 
member seems to be depactin. 
Despite the fact that there appears to be very little 
difference between the structures of monomeric actin 
with bound ADP or ATP [lo], profilin [11,12] and thy- 
mosin /I4 [13] have been shown to bind ATP-actin in 
preference to ADP-actin. By contrast, it is here shown 
that actophorin binds preferentially to ADP-actin. Some 
of this work has been presented previously [14]. 
2. Methods and materials 
2. I. Buffers 
Buffer G: 10 mM Tris-HCl, pH 8.0, 0.1 mM ATP (or ADP where 
indicated), 0.2 mM CaC&, 0.2 mM D’IT and i mM NaN,. 10 x KME: 
0.5 M KCl, 10 mM MgSO,, 10 mM EGTA. Buffer F: Buffer G contain- 
ing 1 x KME. ATP and ADP were from Sigma (Poole, Dorset), and 
D’lT was from Calbiochem (Nottingham, UK). 
2.2. Proteins 
Recombinant actophorin [15], was purified from E. coli by a modili- 
cation of the method of Hawkins et al. for ADF [5] (see section 3). Actin 
was put-i&d from rabbit skeletal muscle [16] and labeled with 
N-(1-pyrene)iodoacetamide (Molecular Probes, OR, USA) [17]. ADP- 
actin was made from ATP-actin by incubation with hexokinase (Sigma, 
Dorset) and glucose [18]. 
2.3. Polyacryhide gel electrophoresis 
Native gel electrophoresis was performed as described by Safer [ 191 
with the following modi8cations. 10% gels were run in order to maxi- 
mise separation of actin from the actin:actophorin complex. D’IT was 
added at 2 mM to both the gel and running buffer and in some exper- 
iments ADP was substituted for ATP, The stoichiometry of the com- 
plex was determined by scanning gels which were loaded with known 
amounts of actin and actophorin and run under denaturing conditions. 
In some experiments two-dimensional gel electrophoresis was carried 
out: strips were cut form native gels, placed on a 13% polyacrylamide 
gel containing SDS, with stacking gel and overlaid with SDS-PAGE 
All rights reserved. 
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sample buffer. Electrophoresis was carried out at 200 V. Acrylamide 
was supplied by Severn Biotech Ltd. (Kidderminster UK). 
2.4. Falling ball viscometry 
Viscometry was performed by the method of Maclean-Fletcher and 
Pollard [20]. Actin (10 PM) was mixed with different concentrations of 
actophorin and volumes were made to 180 ~1 with buffer G. 20 ~1 of 
10 x KME was added, the solution briefly vortexed and taken up in 
100~1 capillaries which were then sealed with ‘plasticene’. After ap- 
proximately one hour, the viscosity was measured by timing the velocity 
of steel ball bearings (New England Miniature Ball-Bearing Co.) falling 
through the solutions. 
2.1 Geljltration experiments 
Protein solutions in a total volume of 1.0 ml were gel filtered on a 
38 cm x 1.4 cm S-200 column equilibrated with buffer G. Protein elu- 
tion was monitored by absorbance at 290 nm, and protein concentra- 
tions determined by s camring 13% SDS-PAGE using a Molecular Dy- 
namics 300A scanner. 
2.6. Actin polymerisation assay 
Pyrenyl-actin fluorescence was measured at 20°C in a Perkin Elmer 
LS 50B spectrofluorimeter using 0.2 x 1 cm cells and excitation and 
emission wavelengths of 366 and 384 nm, respectively. 
3. Results 
3.1. Purification of recombinant actophorin 
Actophorin was expressed in E. coli strain BL21 (DE3) 
by transfection of a cDNA fragment encoding acto- 
phorin in a T7 based vector [15]. One litre of medium 
(2 x TY) with 0.1 mg/ml ampicillin was inoculated with 
b 
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Fig. 1. Native gels demonstrating actimactophorin complex formation. 
A: gel run in the presence of ATP. Lane 1 = actophorin; lane 2 = actin; 
lane 3 = actin and actophorin. B: gel run in the presence of ADP. Lane 
1 = actophorin; lane 2 = actin; lane 3 = actin and actophorin. 
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Fig. 2. 2-D electrophoresis of actimactophorin complex. The central 
slice of a track similar to lane 3 in Fig. 1B was cut out prior to staining 
and placed across a standard 13% SDS gel. Known concentrations of 
actin and actophorin were run (standards) to compare relative concen- 
trations of the two proteins. 
several colonies of cells containing the vector from a 
‘streak’ plate. The flask was shaken overnight at 35°C 
in the absence of inducer. (Experiments in which the 
flasks were induced by the addition of 0.1 mg/ml IPTG 
for 2 h resulted in only marginally increased levels of 
expression, so inducer was not routinely used.) Cells 
were harvested by centrifugation at 10,000 x g for 10 min 
and pellets frozen in liquid nitrogen for storage. Thawed 
pellets were solubilised in 25 ml of lysis buffer: 50 mM 
sucrose, 25 mM Tris-HCl pH 8.0, 1 mM PMSF, 1 mM 
benzamidine, 2 mM DTT. The slurry was sonicated by 
intermittent bursts for 1 min and re-frozen in liquid ni- 
trogen. After thawing, insoluble material was pelleted at 
10,000 x g for 30 min. The supernatant was dialysed 
overnight against 25 mM Tris-HCl, pH 8.0, 1 mM NaN,, 
1 mM PMSF, 1 mM benzamidine, 2 mM EGTA, 2 mM 
DTT and applied to a 6 x 1.5 cm DE53 column equili- 
brated with the same buffer. Actophorin was not bound 
to the column and hence separated from the bacterial 
proteins which were retained by the DE53 matrix. The 
flow-through was concentrated using centricon 30 filters 
(Amicon, Beverly, MA, USA) and gel filtered on Se- 
phacryl S-200 (75 x 1.5 cm) in the same buffer. The re- 
sulting actophorin gave a single band on SDS PAGE 
even when gels were overloaded. Recombinant acto- 
phorin produced by this construct has properties that are 
indistinguishable from native protein isolated directly 
from Acan thamoeba castellanii [ 151. 
3.2. Native gel electrophoresis 
Fig. 1 shows that complex formation occurs more ex- 
tensively in the presence of ADP (Fig. 1B) compared to 
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ATP (Fig. 1A). Pre-incubation of the proteins in F-buffer 
increased the extent of complex formation irrespective of 
the nucleotide present (not shown). Two-dimension- 
al electrophoresis confirmed that the complex con- 
tains equimolar concentrations of actophorin and actin 
(Fig. 2), in agreement with previous observations using 
EDC crosslinking [2]. 
3.3. Gel filtration of actin actophorin complexes 
Gel filtration also shows that actophorin has a marked 
preference for ADP-actin monomers. The top panel (Fig. 
3A) shows the elution positions of actin and actophorin 
run independently. The protie was identical whether 
ATP or ADP was present in the elution buffer. In the 
presence of ATP when both proteins were mixed immedi- 
ately before loading the column, the position of acto- 
phorin was shifted only partially towards the actin peak 
0 
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Fig. 4. Kinetics of polymerization of 10 ,uM ATP-actin alone (0); 10 
PM ATP-actin plus 1 PM actophorin (H); 10 PM ADP-actin alone (e): 
10 pM ADP-actin plus 1 ,uM actophorin (0). 
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Fig. 3. S-200 gel fltration of actin actophorin complexes. A: elution of 
actin (0) and actophorin (o), chromatographed separately. B: mixtures 
of actin and actophorin in the presence of ATP. C: mixtures of actin 
and actophorin in the presence of ADP. 
(Fig. 3B). However, in ADP, not only was the acto- 
phorin almost completely shifted to co-migrate with 
actin, but there was a reproducible shift in the position 
of the actin peak to a lower elution volume, indicating 
formation of a species of higher A4,. Based on the actin 
concentration on the column and the relative concentra- 
tions of free and bound actophorin, the Kd is estimated 
to be -0.2 PM. 
3.4. Severing activity of actophorin 
Actophorin increases the rate of spontaneous actin 
polymerization in the late stages by severing the growing 
filaments and thereby increasing the concentration of 
nuclei [1,2]. Although the rate of polymerization of 
ADP-actin is significantly lower than that of ATP-actin, 
due to the increased critical concentration and lower ‘on’ 
rates for the former [21], Fig. 4 shows that the rate of 
polymerization of ADP-actin is also enhanced by acto- 
phorin, indicating that there is sufficient free actophorin 
present in the mixtures containing ADP-actin for sever- 
ing to occur. Severing activity can be readily detected 
using viscometry [1,2]. Fig. 5 shows that in the presence 
of ATP there is a dramatic fall in low shear viscosity at 
very low concentrations of actophorin. The effect was 
much less marked in the presence of ADP, although 
higher concentrations of actophorin significantly re- 
duced the actin viscosity. 
The severing activity of actophorin can be readily 
demonstrated in depolymerization assays. Addition of 
actophorin in equimolar concentration to F-actin caused 
an instantaneous loss of fluorescence of pyrene F-actin 
(Fig. 6A). Inorganic phosphate (25 mM) has been shown 
to inhibit severing by actophorin [2], presumably because 
it forms the ADP-Pi-actin species which resembles ATP- 
actin [22,23]. Fig. 6B shows that addition of 25 mM 
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Fig. 5. Viscosity (measured as the velocity of the falling ball) of 10pM 
actin and various concentrations of actophorin in the presence ofATP 
(0) or ADP (0) relative to that in the absence of actophorin. 
phosphate reduces the rate of depolymerization and par- 
tially reverses actin monomer sequestration after fila- 
ment severing, as evidenced from the fluorescence at 
steady state at the end of the reaction (Fig. 6A,B). The 
apparent rate constant for depolymerization in Fig. 6B 
is 0.011 s-l. 
4. Discussion 
We have shown that actophorin binds tightly to ADP- 
actin monomers but very weakly to ATP-actin. The Kd 
estimated from Fig. 3C (-0.2 ,uM) is similar to that ob- 
tained previously from measurement of the effects of 
actophorin on the steady-state actin polymer concentra- 
tion [2]. The monomer sequestering activity of acto- 
phorin will also affect its severing potential, since in the 
presence of ADP the formation of binary complexes will 
limit availability of free actophorin for filament severing. 
This can be seen in Figs. 4 and 5 in which the effects of 
actophorin on actin polymerization kinetics and on fila- 
ment length (viscosity) are much more marked using 
ATP-actin. Since the viscosity is proportional to the fifth 
power of filament length [24], a small amount of severing 
will dramatically reduce the viscosity of F-a&in. 
The nucleotide-dependent specificity of binding may, 
at least in part, account for the filament binding and 
severing activity of actophorin, since severing occurs 
even in the presence of high concentrations of G-actin. 
ATP hydrolysis occurs very rapidly after subunits have 
been added to filaments [25], so most of the subunits in 
F-actin contain ADP Because of this, it is not possible 
to analyse the effects of actophorin on filaments contain- 
ing ATP-actin. However, inorganic phosphate binds to 
F-a&in and changes the dynamics of the filaments 
towards that of ATP-actin, thereby stabilizing the fila- 
ments [22,26]. This is seen in Fig. 6. When 10 ,uM acto- 
phorin was added to 10 PM F-actin, the pyrene fluores- 
cence was reduced by >90% within the mixing time 
(about 20 s, Fig. 6A), suggesting almost complete sever- 
ing within this time. Fig. 6B shows that the rate of de- 
polymerization of severed filaments was greatly reduced 
in the presence of 25 mM inorganic phosphate. The rate 
constant for depolymerization is 0.01 I/s. This reduced 
disassembly rate might indicate a much lower severing 
efficiency for filaments containing ADP * Pi-a&n sub- 
units. However, since the dissociation rate constants for 
ADP.Pi-actin are 12% of those for ADP-actin [26] and 
the rate of depolymerization is the product of severing 
frequency and the dissociation rate constants at the two 
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Fig. 6. The effect of inorganic phosphate on the interaction of actophorin with F-actin. A: 10 PM actophorin was added to 10 PM F-a&in. 25 mM 
phosphate was added when the fluorescence r ached steady-state. B: 10 ,uM actophorin added to 10 ,uM F-actin in the presence of 25 mM phosphate. 
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ends [5], the reduction of severing activity is likely to be 
less than 50% based on an estimated isassembly rate of 
-0.1% assuming 95% reaction in 20 s (Fig. 6A). Detailed 
kinetic analysis using rapid reaction methods would be 
required to confirm any differences in severing activity. 
Fig. 6 also shows a higher steady-state fluorescence of 
pyrene F-actin at the end of reaction in the presence of 
25 mM inorganic phosphate. This suggests a reduction 
in binary complex formation by ADPeP,-actin, in com- 
parison to ADP-actin, i.e. a higher Kd for this complex, 
as observed also with ATP-actin. 
A number of other actin-binding protein have recently 
been shown to have nucleotide specificity for their inter- 
action with actin. Thymosin& has a 50-fold higher afEn- 
ity for ATP-actin than ADP-actin [13]. ProGlin is like 
thymosin /I4 in having a higher atlinity for ATP-actin 
[ 121, but in addition it greatly accelerates the rate of 
nucleotide exchange when complexed with actin [27]. 
Since protiin promotes actin filament assembly in the 
presence of thymosin /I4 [ 121, it can, paradoxically, drive 
filament assembly using the energy of ATP hydrolysis. 
By contrast, gelsolin, like actophorin, binds preferen- 
tially to ADP-actin monomers [28] and, as with acto- 
phorin, ADP-actin monomers inhibit its severing activ- 
ity. However, while gelsolin caps the severed filaments 
and thereby prevents re-annealing, actophorin dissoci- 
ates from them as a binary complex with ADP-actin. 
Dissociation of this complex, possibly accelerated in cells 
by the nucleotide exchange potential of profilin, would 
liberate actophorin that is once again available for sever- 
ing, i.e. its catalytic activity is facilitated by its nucleo- 
tide-specific actin interaction [2]. 
is too slow to account for the flux of actin subunits in 
keratocytes [33,39]. This is because filaments cannot de- 
polymerize from their pointed ends rapidly enough 
under conditions pertinent o cells . We postulate that the 
low molecular weight severing proteins of which acto- 
phorin is a member, are able to sever long filaments, but, 
unlike the gelsolin group, leave both ends free for mono- 
mer exchange. Thus although the severing activity of 
actophorin is much lower than that of gelsolin [5,40], 
because it does not bind to ATP-monomers, its severing 
action is catalytic and may thereby accelerate actin reor- 
ganisation in cells. 
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